ABSTRACT: The efficient harvesting of electromagnetic (EM) waves by subwavelength nanostructures can result in perfect light absorption in the narrow or broad frequency range. These metamaterial-based perfect light absorbers are of particular interest in many applications, including thermal photovoltaics, photovoltaics, sensing, filtering, and photodetection applications. Although advances in nanofabrication have provided the opportunity to observe strong light−matter interaction in various optical nanostructures, the repeatability and upscaling of these nano units have remained a challenge for their use in large scale applications. Thus, in recent years, the concept of lithography-free planar light perfect absorbers has attracted much attention in different parts of the EM spectrum, owing to their ease of fabrication and high functionality. This Perspective explores the material and architecture requirements for the realization of light perfect absorption using these multilayer metamaterial designs from ultraviolet (UV) to far-infrared (FIR) wavelength regimes. We provide a general theoretical formulation to find the ideal condition for achieving near unity light absorption. Later, these theoretical estimations are coupled with findings of recent studies on perfect light absorbers to explore the physical phenomena and the limits of different materials and design architectures. These studies are categorized in three main class of materials; metals, semiconductors, and other types of materials. We show that, by the use of proper material and design configuration, it is possible to realize these lithography-free light perfect absorbers in every portion of the EM spectrum. This, in turn, opens up the opportunity of the practical application of these perfect absorbers in large scale dimensions. In the last section, we discuss the progress, challenges, and outlook of this field to outline its future direction.
M etamaterials refer to a class of synthetic materials comprising designed inclusions that offer exotic properties. Negative refraction, 1−3 artificial magnetism, 4,5 asymmetric transmission, 6, 7 lasing, 8, 9 cloak of invisibility, 10−12 and subwavelength light absorption 13 are examples of these attributes. The concept of light confinement and harvesting by subwavelength geometries has been one of the most intensively studied areas in recent years. Efficient harvesting of this confined field utilizing an absorbing layer such as metal, or semiconductor material could lead to the realization of perfect absorption of light. These light perfect absorbers can be employed in a vast variety of applications. Metal-based perfect absorbers can afford their response in narrow or broad spectral ranges. The narrowband metal perfect absorbers are of particular interest in sensing, imaging, and color filter applications.
14−21 While their broadband counterparts have potential applications in thermal photovoltaics, 22−24 radiative cooling, 25−27 hot electron-based photodetectors, 28, 29 photochemistry, 30 and efficient solar vapor/steam generation. 31−33 Similar to metals, ultrathin light perfect absorbers can be also realized using semiconductor based configurations where a strong light−matter interaction can harvest most of the incident light photons and go beyond the Yablonovitch limit in an ultrathin thickness. 34 The generation of high density photo carriers in dimensions smaller than the semiconductor diffusion length can guarantee their efficient collection. Therefore, these semiconductor based metamaterials are promising choices for future performance enhanced ultrathin optoelectronics. In recent years, resonant light trapping schemes were employed in different applications including ultrathin photovoltaic solar cells, spectrally selective photodetectors, and other optoelectronic applications. 28,35−45 These perfect absorbers have also been realized in other types of materials, such as polar and two-dimensional (2D) materials, that is, graphene, transition metal dichalcogenides (TMDs), and black phosphorus, that will be discussed in the following.
Although there are enormous efforts being made in the performance enhancement of these nanostructured perfect absorbers, the fabrication complexity of these nanostructures hinders their further upscaling.
In recent years, extensive attention has been paid to the design of lithography-free multilayer perfect absorbers of light. Strong light−matter interaction in these properly designed planar structures can provide perfect absorption in narrow or broad wavelength ranges while keeping the overall process large scale compatible. The goal of this Perspective is to provide a comprehensive overview of these planar multilayer designs in three different classes of materials; metals, semiconductors, and other type of materials. It is shown that by choosing proper material and design architecture, it is possible to obtain strong light absorption in different ranges of electromagnetic (EM) spectrum. The lithography-free nature of these designed multilayer structures provides great flexibility and high-throughput manufacturing convenience and opens a new opportunity for low-cost, high performance, and robust optoelectronic devices. It should be mentioned that there are some omissions for the topics and designs discussed here. For instance, novel synthesis methods such as chemical or selfassembly techniques can be utilized to obtain lithography-free perfect absorbers. However, this Perspective mainly focuses on subwavelength planar designs that can be fabricated with common cleanroom equipment with high fabrication throughput and repeatability. Finally, in the last section, we discuss the progress, challenges, and the outlook of this field to outline its future direction.
■ THEORETICAL BACKGROUND
In order to realize nearly perfect absorption of the light, reflectance should be suppressed by matching the effective impedance of the metamaterial to that of the incident medium. Simultaneously, transmittance is eliminated by introducing another metallic plate acting as a mirror for metamaterial absorbers. In this section, an alternative analytical-numerical approach based on transfer matrix method (TMM) will be provided to predict the most appropriate permittivity of the lossy layers, labeled X, in a metamaterial absorber that comprises N two-layer elementary IX unit cells, that is, M(IX) N . The studied M(IX) N design configuration is schematically shown in Scheme 1. In this definition, M, I, and X stand for metal mirror, insulator, and lossy medium. The lossy layer could be metal, semiconductor, or any other types of absorbing materials. We can investigate the ideal permittivity (ε X ) of the lossy layers (X) in the M(IX) N structure through an analytical-numerical approach based on TMM. Supposing that the M(IX) N metamaterial is bounded with air (ε a ) and a substrate (ε s ), and considering z = 0 plane as the interface of air the first insulator layer, the y component of the magnetic field can be written as 
where L = 2D I + D X and
2 . In these formulations, D I , D X , and D M are the thicknesses of the dielectric, lossy medium, and bottom metal reflector layers, respectively, c is the speed of light in vacuum, k is the wave vector inside different media, and ε is the permittivity data of different layers. Applying the boundary conditions for transverse magnetic (TM) polarization (the continuity of the fields and their derivatives at the boundaries separating different media), reflection of the incident light from the structure can be obtained as R = |F 12 /F 11 | 2 . 46 Here
1 , where 
Considering the normal light incidence and the planar nature of the design, the same response is observed for transverse electric (TE) polarization. Knowing the thickness and epsilon of the dielectric layers and the bottom metal layer as well as the thickness of the top X layer, we can numerically obtain the real and imaginary values of ε X under nearly perfect absorption condition (which we define as R < 0.1). More explanation will be provided in the following parts of the Perspective.
Another approach to obtain nearly perfect absorption using unpatterned structures is to combine a thin film of a plasmonic/phononic lossy material with a one-dimensional photonic crystal (1D PC). In this case, Tamm plasmon/ phonon modes can be supported by the lossy-based 1D PC for both TM and TE polarizations that, in turn, show themselves as nearly perfect resonant peaks (deeps) in the absorption (reflection) spectrum. Therefore, by appropriately designing the structure and obtaining the Tamm modes in the wavelength range of interest, nearly perfect absorption peaks that are supported by the system can be estimated. A typical 1D PC comprises alternating dielectric layers with permittivities ε 1 and ε 2 and thicknesses d 1 and d 2 that is separated from the lossy material by a spacer layer (ε s and d s ). We suppose the nonmagnetic plasmonic/phononic lossy material has thickness t and, in a general form, has a uniaxially anisotropic permittivity of ε lossy = diag(ε t , ε t , ε z ). Taking the y component of a magnetic field as 
and applying the appropriate boundary conditions for TM polarization at different interfaces, dispersion of the Tamm modes of the 1D lossy-based PC can be obtained using the direct-matching procedure that is applicable for electronic and photonic layered structures
Here, 
with
In order to have an estimation of the nearly perfect resonant absorption for TE polarization, we also formulate TE Tamm polaritons of the 1D lossy-based PC. To this aim, considering E y as eq 3 and applying TE boundary conditions, we arrive at the following dispersion relation for the TE Tamm modes
Here,
2 2 and γ TE can be calculated using eq 3 by replacing F TE with F TM . It should be noted that a similar approach can be followed for obtaining Tamm modes that are supported by a 1D PC based on 2D materials. 49 Metal-Based Perfect Absorbers. The most commonly studied metal−insulator (MI) pair-based architecture that provides perfect light absorption is subwavelength metal− insulator−metal (MIM)-based cavity. 21,50−56 In this MIM configuration, the top metal layer is a nanopatterned plasmonic metal, while the bottom layer is an optically thick mirror. In this design, due to strong light confinement inside the cavity in the resonance frequency, perfect absorption of light can be realized in dimensions much smaller than the incident light wavelength. Coupling of incident wave to collective oscillation of top metal electrons via the excitation of surface plasmon resonances (SPRs) leads to light harnessing in the desired frequency range. 21, 56 However, due to the fact that the SPRs can be supported in a relatively narrow frequency range, the absorption bandwidth (BW) of these plasmonic designs has a narrow spectral coverage. 13,51,53,57−71 Many different design strategies have been employed to broaden the absorption BW of these plasmonic MIM cavities. One of the most frequently utilized ideas is to implement a multidimensional/multishape pattern in the top metal layer where each unit is designed in a way that SPR excitation can be obtained in different adjacent wavelengths and the superposition of these resonance modes provide perfect absorption of light in a broad frequency range. 52,72−79 The use of tightly packed arrangements of lossy metal nano units, elongated shapes (such as ellipse) that support dual SPR modes, and structures with sharp corners are other alternatives to make plasmonic broadband perfect absorbers. 80−85 However, the main drawback with all of these design configurations is their complex fabrication route. To realize the top subwavelength nano units, electron beam lithography (EBL) is required that is inherently an incompatible approach for large scale applications. Although nano imprint lithography (NIL) could be a solution for the large scale synthesis of these samples, this system is also a complex and costly one. Therefore, to open up the opportunity of practical application of these perfect absorbers, the concept of lithography-free multilayer planar designs has attracted much attention in recent years. 86−114 Unlike resonant plasmonic MIM perfect absorbers, nonresonant MIM cavities that are made of lossy metals such as chromium (Cr), titanium (Ti), tungsten (W), and nickel (Ni) can be used to obtain light perfect absorption in the visible (Vis) and near-infrared (NIR) wavelength regimes. 94, 115 In these configurations, the top planar lossy metal layer (with a thickness in the order of couple of nanometers) offers a low quality factor (Q F ) cavity that satisfies impedance match conditions in an ultrabroadband frequency range. In this planar configuration, the use of noble metals such as gold (Au) and silver (Ag) could result in narrow absorption BW, which is of great interest for the realization of visible light color filters.
87, 89, 90, 92, 111, 114 To have a better understanding on the absorption BW limits of this configuration, above-mentioned TMM (eq 1) is adopted for an MIM cavity to find the ideal top material for nearly perfect light absorption. In this model, the bottom metal layer is fixed as an optically thick metal mirror, and the spacer layer is chosen as SiO 2 . 116 The tolerable real and imaginary values of permittivity data, for achieving absorption above 0.9, are obtained for eight discrete wavelengths spanning from 0.5 to 4 μm, and the results are shown in Figure 1 . These ideal regimes have been extracted for three different top layer thicknesses of 5, 10, and 15 nm, where the spacer layer thickness is fixed at 100 nm. Being located inside the highlighted region in every wavelength value can ensure an absorption above 90% that we define as the threshold for perfect absorption of incident light. As can be seen from Figure 1a , thinner top layers have wider spans for getting perfect absorption, while thicker layers move the bottom of the ideal region toward zero. These ideal permittivity ranges are compared with those of permittivity values for different metals of Au, 116 bismuth (Bi), 117 Cr, 116 and Ti. 116 As Figure 1a clearly implies, the ideal region for the real part of permittivity gets positive values as we move toward longer wavelengths. However, most of the metals (including both noble [Au] and lossy ones [Bi, Cr, Ti]) take an exponential drop toward negative values in NIR wavelengths. For noble metals, such as Au and Ag, this leads to a narrowband light absorber that has been widely explored in Febry-Perot color filter and sensing applications, as shown in Figure 2a ,b, while for lossy metals, such as Cr and Ti, this matching can be met in broader wavelength range. Generally, however, for a planar MIM absorber, the perfect light absorption is limited to visible and the beginning of the NIR regimes (roughly λ < 1000 nm). This limit can be extended toward longer wavelength values with tuning the permittivity values of the metals, for example, composition of a metal with a low refractive index medium such as air. 115, 118, 119 We recently adopted a method based on the dewetting process to create ultrasmall nanoholes inside a layer of Cr to reduce its effective permittivity values. 115 It was proven that this modification in a Cr-based MIM cavity can shift the upper absorption edge from 850 nm (for planar design) to 1150 nm (for disordered random nanohole design). Moreover, controlling metal deposition condition could be another way to create metal nanostructures, 119 see Figure 2c . Further improvement in the absorption BW of the design can be accomplished by utilizing a metal−insulator−metal−insulator (MIMI) configuration. As shown in Figure 1b , in this design, the top insulator layer acts as a broadband antireflection coating to provide a gradual impedance matching between the air and the underlying MIM cavity. Extracting the ideal data for this case, it can be seen that the overlap between the ideal perfect absorption region and the metal permittivity values have been extended toward longer wavelengths (compared to that of MIM design). 97,99,105−107 In fact, this configuration can make the ideal permittivity range wider compared to that of the MIM design. However, similar to the MIM case, absorption toward longer wavelengths [midinfrared (MIR)] cannot be achieved by this configuration. Although increasing the number of pairs could substantially improve the absorption bandwidth, the upper absorption edge is still limited to the NIR regime. 99,102−104 Increasing the insulator layer thickness will red-shift both the lower and the upper absorption edge in which the perfect absorption of light will not cover the visible region. 93 As depicted in Figure 2d , it has been proven that the periodic arrangement of 16 pairs Ni/ SiO 2 and Ti/SiO 2 (where the metal layer thickness is in the order of 1−2 nm) could provide near unity light absorption up to 2.5 μm.
102 However, such a large number of pairs require multiple deposition processes and considering the ultrathin nature of metal layer, the repeatability could be an issue in this type of metamaterial absorbers. Therefore, it is desired to improve light absorption BW while keeping device dimensions intact. To achieve this goal, different strategies have been proposed. The optimum choice of back reflector, 107 multithickness metal layers, 105 and incorporation of randomly sized nano holes 106 ( Figure 2e ) can further improve the absorption BW in MIMI configuration. Not only the periodic arrangement of MI pairs can provide ultrabroadband light perfect absorption but also proper arrangement of different multilayers with designed thicknesses can ensure impedance matched condition. An example of such a structure is shown in Figure  2f . 120 Nevertheless, according to the ideal model, the absorption at longer wavelengths requires a positive real part of permittivity condition that cannot be satisfied with common lossy and noble metals. That is actually the reason why this configuration cannot go beyond some wavelength limits. However, Bi has extraordinary permittivity values in the longer wavelengths that are perfectly matched to the ideal region. As depicted in Figure 1b , Bi has small negative real epsilon values at wavelengths below 1.5 μm and this value moves toward positive ones as we go toward longer wavelengths. Therefore, it is envisioned that by tuning the spacer and Bi layer's thicknesses in MIM and MIMI configurations, perfect absorption can be acquired in an ultrabroadband frequency range covering all the Vis and NIR frequencies. To prove this 102 (e) Formation of disordered nanohole patterns via dewetting process to realize ultrabroadband perfect light absorption in an MIMI multilayer architecture. 106 (f) Properly designed multilayer perfect absorber for ultrabroadband impedance matching. statement, the ideal tolerable region is extracted for the case of D M = 5 nm, and D I = 150 nm and its matching is compared with that of permittivity data of Bi and Ti (as two metals that have positive permittivity values in long wavelengths). As it can be deduced from this figure, the perfect absorption of incident light is retained up to 3 μm with MIMI dimensions in the order of λ/10. Therefore, not only the design configuration, but also the optimum choice of the material is essential to acquire near unity absorption in an ultrabroadband frequency range. It should be mentioned that the general approach for achieving perfect light absorption in this MI pair based multilayers, throughout NIR and MIR regimes, is to use tapered structure. 103,121−128 Such architecture will provide gradual matching between the air and underlying metamaterial impedance. However, these designs require lithography and etching processes that are out of the focus of this Perspective. Moreover, some other studies realized perfect light absorption by the integration of ultrathin metal with lithography-free light trapping scaffold. 129, 130 We recently showed that a coating of a 10 nm thick Pt layer on randomly oriented TiO 2 nanowires can provide an absorption above 97% in a broad frequency range spanning from Vis to the NIR regime. 129 However, in this Perspective, we essentially investigate the light absorption in planar sub wavelength structures that operate based on strong interface effects.
Another approach to obtain light perfect absorption is the integration of a thin metal layer with a 1D PC structure. Unlike an MI pair-based design configuration, this configuration could provide light absorption in a narrow frequency range and it is of particular interest in directional emission and sensing applications. In agreement with the aforementioned analytical approach for the investigation of Tamm modes supported by the lossy-based 1D PC, here, we provide some examples regarding the nearly perfect resonant absorption observed by these structures. PCs are artificial structures with dielectric constants periodically varying in one, two, or three dimensions, and display photonic band gaps, that is, the frequency regions that light cannot propagate in the structure. 132 Since the pioneering work by Yablonovitch, 133 control of light emission has been indicated as one of the most promising applications of PCs. 1D PC are capable of supporting surface waves that can propagate along the interface of the PC and the adjacent medium over long distances and are confined in the normal direction (these modes can also be supported in twodimensional photonic crystals (2D PCs), 132 however, their investigation is not of our interest in this Perspective). Moreover, the surface waves may be considered as dielectric analogues of surface plasmons that propagate on a metal/ dielectric surface. 134 Yeh et al. 135 proved that a 1D PC is capable of supporting surface waves for both TE and TM polarizations. Due to the hybridization of those surface waves with the surface plasmons of a thin film of metal in a metalbased 1D PC, Tamm plasmons can be supported by the system. Consequently, inspired by that point, nearly perfect and directional absorption/emission was obtained by an Agbased 1D PC due to the support of Tamm plasmons (see Figure 2g) . 131,136−138 For the structure schematically illustrated in Figure 2g , 42 nm film of silver is separated from a 1D PC by 26 nm film of SiO 2 , and the 1D PC comprising 14 alternating layers of SiO 2 (126 nm) and Si 3 N 4 (78 nm). Since the emission of poly(vinyl alcohol) material, PVA, was what was interested in, 131, 138 the Ag film is symmetrically bound with two 27 nm PVA layers to incorporate fluorophores. The addition of an Ag layer to the 1D PC structure leads to a dip in reflectivity in the photonic band gap (PBG) region at 637 nm, due to excitation of Tamm plasmons. It is observed that, in this case, directional emission at normal excitation can be achieved by the structure. In return, by removing the PVA layers and impinging the light to the structure from the Ag part, directional resonant absorption can be obtained. As mentioned herein above, Tamm plasmons, that were reported for the first time in 2007, 139 are created due to the hybridization of surface plasmons of the thin film of Ag and surface waves of the 1D PC in a hybrid structure. The electric fields for the Tamm plasmons are localized in the dielectric below the metal film and can be supported for both TE and TM polarizations at normal incidences, unlike surface plasmons. Moreover, since the wavevector of Tamm plasmons is smaller than that of light in vacuum, they can be directly excited from air without the aid of prisms or gratings. Using eqs 4 and 7 and by appropriate choice of the material, geometrical parameters of the 1D PC, and the spacer layer, it is possible to obtain dispersion curves of the Tamm plamons for both TE and TM polarizations for a thin film of silver with a thickness of t and ε lossy = ε Ag . Since this dispersion is in exact agreement with the directional-spectral absorption/reflection of the Ag-based 1D PC, the parameters that are taken for the dispersion curves would be a fair estimation for the design and fabrication of the directional absorber. By replacing Silver with an alternative plasmonic material 140 and designing appropriate 1D PC, it would be possible to achieve nearly perfect resonant absorbers operating at the desired wavelength range.
Semiconductor-Based Perfect Absorbers. Metamaterials are not only promising solutions for metal-based perfect absorbers, but they can also provide strong light−matter interaction in ultrathin semiconductor-based designs. It should be noted that semiconductors can act as plasmonic (highly doped semiconductors) and phononic (lowly doped or intrinsic semiconductors) materials. A comprehensive discussion on obtaining absorption using unpatterned phononic structures will be provided in the next section. This section will focus on the strategies employed to obtain strong above optical band gap absorption in semiconductor-based metamaterial designs. A semiconductor-based metamaterial can provide strong light absorption in ultrathin layers. Therefore, near unity light absorption can be achieved in dimensions much smaller than the incident light wavelength. The absorption of light in such thin layers can also be beneficiary from the electrical perspective. Considering the short diffusion length of most of semiconductors, 141 total absorption of light in nanometer scale dimensions can significantly improve the collection efficiency of these carriers by suppressing their recombination. In other words, there is a trade-off between light absorption and carrier collection for a specific semiconductor film thickness. 142 The integration of metamaterial configurations to ultrathin semiconductor films is a promising approach to get high efficiency optoelectronic devices. Such a simple ultrathin trapping design configuration is able to exceed Yablonovitvh's theoretical limit. 34 Therefore, the application of these functional architectures in optoelectronics, such as photovoltaic, photo detectors, and photoelectrochemical devices has attracted a lot of attention in recent years.
Unlike metals that keep their large extinction coefficient values in a wide wavelength range, semiconductors can only absorb photons with energies above their inherent optical band gap. Therefore, they are only active at Vis and short wavelength NIR frequency ranges. The essential goal in the semiconductor based metamaterials is to increase the lightmatter interaction to enhance light harvesting efficiency. Same as the previous section, we first need to explore the condition for strong light absorption. For this aim, the ideal material permittivity values are extracted for metal−semiconductor (MS) and metal−insulator−semiconductor (MIS) configurations. Considering the low extinction coefficient of semiconductors, we chose 0.7 as the threshold for light absorption and highlighted the tolerable permittivity regions for an absorption above this value. The overlap between these ideal regions and four different materials [germanium (Ge) as a low band gap semiconductor, monolayer of molybdenum disulfide (MoS 2 ) as a 2D semiconductor, CH 3 (Figure 3b ), respectively. The bottom layer is chosen as an optically thick highly reflecting Al 116 layer, and the spacer is chosen as a 50 nm thick SiO 2 . The simplest metamaterial design to provide strong light absorption is MS configuration. In one of the pioneer works, 143 it was shown that the amorphous germanium (a-Ge) layer with a thickness below 25 nm coated on thick Au metal can absorb around 90% of the light in a relatively narrow Vis frequency range. The spectral position of the absorption peak gets red shift as the thickness of the semiconducting layer increases. It was proven that this nearly perfect absorption is due to the coupling of Fabry−Perot (FP) resonances with excited Brewster modes, see Figure 4a . 34 Later studies have proven this strong interface effects for other ultrathin coatings, such as Si and Fe 2 O 3.
144−147
In a recent study that is schematically illustrated in Figure   4b , 144 a perfect absorber made of an ultrathin Si coating on top of AlCu alloy was realized in the Vis-NIR frequency regime. This coating supports Brewster modes and acts as a dual band absorber where the spectral position of these peaks can be finely tuned from the Vis to the NIR by simply changing the semiconductor layer thickness. However, in the abovementioned MS structures, the perfect absorption is realized in a narrow wavelength region that is not our desire in energy related applications where higher density of absorbed photons can provide larger current values. The use of a multilayer back reflector instead of a bare metal layer in which the layers provide gradual phase matching is found to substantiate light absorption in a broad wavelength regime. 148 As shown in Figure 4c , this strategy is successfully applied on Fe 2 O 3 -based water splitting photoanode in which an estimated amount of 71% of the incident photons of energy above the band gap of Hematite can be absorbed by a coating thinner than 50 nm. Thus, most of the photogenerated holes can reach the surface and oxidize water before recombination takes place. This 1D trapping scheme can be also utilized in the design of ultrathin solar cells. 149 The a-Ge:H solar cell proposed in Figure 4d has an efficiency of 3.6% with an absorbing layer as thin as 13 nm. Further improvement in the performance of these optoelectronic devices can be attained by improving the crystalline quality of the absorber layer. PVSK as a chemically synthesized ultrathin crystalline coating can be a proper option to achieve this goal. 150−153 Despite all of these considerations, according to the ideal model data for a MS design at ultrathin coatings, the mismatch is generally due to the low values of imaginary permittivities of semiconductors. However, thicker layers could provide the matching for both real and imaginary parts of permittivity in a relatively narrow frequency range for all four different materials. This matching can be met in a broader frequency range for MIS configuration. In this case, similar to MS structure, ultrathin layers (∼1 nm) have poor matching. Thicker layers could shift the highlighted ideal regions toward zero but this time the real part of permittivity values stays out of the tolerable ideal region. Therefore, each material has its own optimum condition for strong light absorption and by simultaneous tuning of semiconductor and spacer layers thicknesses, strong light absorption in a broad frequency range can be achieved. As for a material thickness of 1 nm that is around the thickness of a monolayer of a two-dimensional (2D) semiconductor, we have poor matching between the ideal case and different semiconductors. Therefore, this configuration cannot provide strong light absorption in 2D monolayers of semiconductors but rather it is useful in its few layer dimensions. 154−156 However, for thicker top layer thickness of 5 nm, the matching condition can be achieved in a broad frequency range for materials with relatively high extinction coefficient such as Ge and MoS 2 . Moving to larger thicknesses, this broad absorption can be acquired for weak absorbing materials such as metal oxides. Increasing the spacer layer thickness to larger values (comparable to λ/4) can also tune the spectral position of the matching and, in general, a narrow absorption response will be obtained in this case. All the above-mentioned results show the potential application of this metamaterial configuration in optoelectronic applications. However, as mentioned earlier, the main problem with these lithography-free structures is the electrical behavior of the amorphous top active layer that suffers from low electron mobility and a short diffusion length. In other words, it is difficult to obtain ultrathin materials with single-crystalline quality. In a very recent work, 157 authors proposed a method to fabricate single-crystalline Ge coatings in an MIS configuration and by this way spectrally selective high performance photodetectors were realized in dimensions much smaller than a bulk device, see Figure 4e . It has been proven that, by tuning the top single crystalline Ge layer thickness, the absorption peak can be tuned throughout the optical band gap of the semiconductor coating. Moreover, it has been proven that ultrathin crystalline PVSK and metal oxide layers can also be achieved using chemical synthesis methods. 151, 158, 159 Besides the above-mentioned optoelectronic applications of these metamaterial cavities, these designs can also be promising in photoelectrochemical water splitting cells. In recent years, MIS cavity configuration, for which the insulator layer thickness is below ∼5 nm (to facilitate carrier tunneling) and the semiconductor layer is an optically thick coating, has attracted much attention. 160 In this structure, light is absorbed by the semiconductor layer and the applied voltage facilitates the tunneling of the carrier toward the metal layer as well as at the surface of the metal layer, in which the hydrogen evolution reaction takes place. Considering the fact that the carrier tunneling rate exponentially drops by increasing the insulator thickness and existence of any surface trap states can 34 (b) Dual band light perfect absorber operating at the Vis and NIR regimes using a 45 nm thick Si layer coated on AlCu alloy. 144 (c) 71% above band gap light absorption in a less than 50 nm thick Fe 2 O 3 using a resonant light trapping scheme for efficient water splitting. 148 (d) a-Ge:H solar cell with an efficiency as high as 3.6% using an absorbing layer as thin as 13 nm. 149 (e) Spectrally selective photodetector by the realization of perfect light absorption in a narrow frequency range using a single-crystalline germanium nanomembrane coated on a resonant foreign nanocavity. 157 (f) An efficient water splitting photoanode using an ultrathin BiVO 4 absorbing layer in an MIS configuration (Au-SnO 2 −BiVO 4 ). The incorporation of a trapping scaffold could substantiate the process efficiency. 161 (g) Random coherent perfect absorption in a monolayer of MoS 2 mediated by anderson localization. 162 further hamper the efficiency of this process, this device configuration has some limitations. Moreover, surface reflection from ultrathin top metal reduces the amount of light absorbed by the semiconductor layer. This configuration can be modified by our proposed design where the spacer layer is replaced by a semiconducting metal oxide such as TiO 2 or SnO 2 . In this configuration, the light is strongly absorbed by top ultrathin photoactive layer. Then, the photogenerated electron is transferred through the metal oxide spacer toward the back metallic contact and the left holes undergo water oxidation reaction. Unlike the previous case, wherein the photoactive layer is a thick coating, such an ultrathin semiconductor layer can ensure the efficient participation of the carrier in the photoelectrochemical reaction even in low mobility semiconductor materials. This design strategy has been successfully applied to Au/SnO 2 /BiVO 4 MIS configuration, where substantial improvement has been obtained by transferring this cavity on top of a prepatterned trapping scaffold, 161 see Figure 4f . As mentioned hereinabove, this MIS configuration is not a good solution to get light perfect absorption in dimensions below 1 nm that corresponds to the thickness of 2D semiconductor monolayers. That is the reason why MS and MIS based 2D TMD perfect absorbers (absorption above 0.9) have been only realized in multilayer dimensions. 154, 155 The alternative strategy to obtain light perfect absorption in the monolayer of semiconductor layers is to integrate this monolayer with a photonic crystal (PC) design. In one of the pioneer works, authors proved strong light absorption in atomically thin materials through a dielectric cavity design with chirped Bragg reflectors for broadband coherent light absorption. 163 It was numerically proven that due to this cavity enhancement, a monolayer MoS 2 photodetector absorbs as much as 33% of incident visible light over a 300 nm bandwidth. Later, another study illustrated narrowband 165 (b) Multilayer metamaterial composed of alternating layers of AZO and ZnO layers that functions as a nearly perfect NIR absorber. 167 (c) Multilayer metamaterial that is composed of alternating layers of TiN and aluminum scandium nitride (Al,Sc)N. The surface of the planar metamaterial is stochastically covered by spin-coated ITO nanoparticles. This metamaterial acts as a light absorber in the NIR region. 169 (d) A graphene-based 1D PC that can act a narrow-band light absorber in the THz range. 176 (e) First experimental demonstration of a graphene-dielectric multilayer structure that behaves as a hyperbolic metamaterial in the MIR region. 186 This structure is capable of light absorption in the MIR and FIR ranges. (f) Unpatterned layered structures in dielectric/graphene/metal and graphene/ dielectric/metal arrangements for UV light absorption. 189 (g) SiC-based 1D PC that is appropriate for light absorption within 10.3−12.6 μm window in the mid-IR range. 191 (h) hBN-based 1D PC that can act as nearly perfect light absorption and coherent thermal emission within two 6.2−7.3 μm and 12−12.82 μm windows in the MIR range. 48 (i) Multilayer graphene-hBN metamaterial. 192 Due to the plasmon-phonon hybridization, this structure has multifunctional capabilities, specially promising for light absorption in a wide window in the MIR range. absorption above 96% in a monolayer of MoS 2 . The structure is made of a 1D PC on top of a MoS 2 layer, an optically thick reflecting bottom metal mirror, and a spacer between MoS 2 and the bottom metal film. 164 Numerical simulations demonstrated that this strong light absorption is originated from the strong field confinement due to the support of Tamm plasmon modes in the MoS 2 -based 1D PC. Recently, it was shown that the integration of lossy 2D materials with a finite all-dielectric 1D random medium can provide random coherent light absorption above 99.9% in the visible regime, 162 as shown in Figure 4g . It was found that optical resonances, only in the regime of Anderson localization, can provide the condition for random coherent perfect light absorption.
Other Types of Perfect Absorbers. Alternative plasmonic materials, such as gallium-doped zinc oxide (GZO), aluminum doped zinc oxide (AZO), indium−tin-oxide (ITO), and titanium nitride (TiN), can also be implemented in designing unpatterned metamaterial absorbers. The real part of permittivity of these materials is negative in the NIR region and their epsilon-near-zero (ENZ) characteristics around 1.5 μm can be tuned by doping.
140 Figure 5a shows schematic of an unpatterned SiO 2 /bilayer GZO/Ag multilayer structure. 165 The bilayer GZO is composed of two GZO layers with different carrier concentrations. This structure can act a broadband perfect absorption within 1.24 to 1.49 μm and its absorption remained higher than 97% for incident angles up to 60°. This NIR perfect absorber has a simple design as well as broadband and wide-angle absorption features, which is promising for practical applications. A similar ITO-based structure has also been employed for this purpose. 166 It has also been verified that a multilayer metamaterial composed of alternating layers of AZO and ZnO functions as a nearly perfect NIR absorber (see the schematics in Figure 5b that is taken from ref 167) . As mentioned in the theoretical background section, this system is another category of unpatterned metamaterial absorbers. In this structure, which does not include any bottom reflecting layer, the negative real part of permittivity of AZO allows the dielectric multilayer to meet the impendence matching condition around 1.90 μm, leading to almost 99% light absorption in this region. 168 As mentioned about, TiN is also another plasmonic material beyond gold and silver. Schematic of a multilayer metamaterial that is composed of alternating layers of TiN and aluminum scandium nitride (Al,Sc)N is shown in Figure 5c . 169 As seen from this schematic and the represented SEM image, the surface of the planar metamaterial is stochastically covered by spin-coated ITO nanoparticles on its top. It was reported that the presence of the plasmonic ITO nanoparticles at the surface of the metamaterials facilitates the impedance matching condition by exciting high-k propagating modes in the system and reducing the reflection. Thus, light can penetrate inside the system with minimum reflection and finally absorbed inside the metamaterial.
Other category of the plasmonic materials that can be employed for light absorption in the mid-IR and far-IR regions is 2D materials such as graphene 170−176 and black phosphorus. 177−183 The optical properties of these 2D materials are quite different than those of bulk, 3D materials, which results in significantly different plasmon dispersion relationships. After the rise of graphene, a great deal of attention has been attracted to its potential applications in optoelectronics 184 and plasmonics. 171 The surface conductivity of graphene (σ) can be effectively modulated via tuning of chemical potential through chemical doping or electrostatic/ magnetostatic gating. 170, 184, 185 When Im(σ) > 0, graphene behaves like a very thin metal layer capable of supporting transverse-magnetic (TM) guided plasmonic mode 171−176 Tunability of its plasmon resonance through the variation of μ together with a relatively large propagation length and a small localization length of SPPs in the mid-infrared (MIR), far-IR (FIR) and terahertz (THz) ranges 172 are the key advantages of the graphene SPPs over those supported by the noble metals. 134 Consequently, neglecting graphene-based patterned metamaterials, 173−175 it is possible to obtain nearly perfect resonant absorption in the MIR, FIR, and even THz frequency ranges by combining an unpatterned layer of graphene with a 1D PC with appropriate design, see the schematics in Figure 5d . 176 The basic mechanism for the observation of such a resonant behavior in this graphene-based 1D PC is the excitation of Tamm plasmons. Updating eqs 4 and 7 by replacing a single layer of graphene with the optical conductivity σ with a lossy film with permittivity ε lossy and thickness t, we can arrive at the dispersion relations of Tamm plasmons supported by the system. 49 Taking the structural parameters appropriately, the dispersion curves of the Tamm plasmons at the desired range of frequency can be obtained, and thus, the frequency-and angle-dependency of the resonant absorption peaks of the structure can be precisely estimated. An example of THz nearly perfect resonant absorptions using a 1D graphene-based PC is discussed in ref 176 . Recalling that the schematic of this structure is illustrated in panel (d) of Figure 5 , the considered 1D PC is composed of periodic layers of SiO 2 (n a = 1.46 and d a = 51.37 μm) and poly 4-methyl pentene-1 (n b = 1.9 and d b = 39.47 μm) and the refractive index and the thickness of the spacer layer are taken to be as 2.12 and 35.35 μm. It is demonstrated in this paper that the electric field is mostly localized at the dielectric layer below graphene, that is, the plasmonic material, for the Tamm plasmons supported by the plasmonic-based 1D PC. Moreover, the spectral-directional absorption of the structure for TM and TE polarizations verifies that the trend of the nearly perfect absorption behavior of this system is completely predictable by the dispersion of Tamm plasmons. It is noteworthy that, by the same approach, nearly perfect resonant absorption behavior is also achievable by unpatterned layer of black phosphorus. Similar to multilayer metal/dielectric metamaterial, graphene/dielectric metamaterials, that has been realized experimentally (see Figure 5e that is taken from ref 186) , are also another candidate to achieve tunable light absorption in the MIR range. 186−188 Notice that the designs schematically shown in panels (d) and (e) of Figure 5 are a couple of examples of plasmonic light absorbers based on unpatterned graphene sheet that can operate in the MIR, FIR, and THz regions. However, graphene, which acts as a lossy dielectric not a plasmonic material, has also potential applications in the Vis and UV ranges. As schematically illustrated in Figure 5f , 189 an unpatterned layer of graphene in dielectric/graphene/metal and graphene/dielectric/metal structures is a decent tool to achieve UV light absorption. It has been reported in ref 189 that by taking the material and structural parameters appropriately, and also by manipulating the polarization and angle of incident light, it is possible to get 71.4% and 92.2% light absorption in the planar structures that are composed of single and four layers of graphene, respectively.
Alongside the noble metals, highly doped semiconductors, alternative plasmonic materials, graphene and the other 2D materials, polar dielectrics also offer an opportunity of simultaneous subdiffractional confinement, low optical losses, and operation in the MIR to THz spectral ranges through the stimulation of surface phonon polariton (SPhP) modes. 190 SPhPs originate from the interaction of optical phonons with long-wavelength incident fields, creating a surface excitation mediated by the atomic vibrations. Depending on the type of the polar material, SPhPs have many applications in a wide frequency range from MIR (e.g., hexagonal boron nitride (hBN), 193−203 213 GaAs, 214 InP, 190 and CaF 2 190 ). Such SPhP modes can be stimulated between the longitudinal optical (LO) and transverse optical (TO) phonon frequencies of the polar dielectrics. This spectral range is referred as the Reststrahlen (RS) band or polaritonic gap. Similar to the metal-based and graphene-based 1D PCs discussed above, SiCbased 1D PC (as a polar-based 1D PC) is also an 208 approappropriate candidate for nearly perfect light absorption and, thus, coherent thermal emission in 10.3 to 12.6 μm in the MIR range. 191, 208 This range is in fact the polaritonic gap of SiC. The schematic of this structure is depicted in Figure 5g that is taken from. 191 It is noteworthy that, according to Kirchhoff's law, the spectral-directional emissivity, is the same as the spectral-directional absorptivity of the system. Notice that coherent thermal emission from surface relief gratings holds promise for spectral and directional control of thermal radiation but is limited to transverse magnetic waves, which can excite surface plasmon or phonon polaritons in the patterned structures. However, for the SiC-based 1D PC, due to the support of Tamm phonons, a coherent thermal source can be realized by an unpatterned structure. 191, 208 It should be mentioned that another promising application for these IR absorbing materials is the thermal detection. Thermal detection is currently revolutionizing the IR technology and it is envisioned to expand the market for cameras. These thermal detectors are essentially micro bolometers that are fabricated using micromachining of a thermistor material. Nichrome (NiCr) is one of the most studied THz absorbing materials used in these designs. 215, 216 Considering the fact that these thermal detectors need no cryogenic cooling, they are promising options for future compact, lightweight, and potentially low-cost cameras.
Another distinguishable polar material suitable for light absorption and thermal emission purposes in the mid-IR region is hBN. As schematically shown in Figure 5h , hBNbased 1D PC that is composed on an unpatterned film of hBN and 1D PC separated by a spacer layer, is another candidate for nearly perfect resonant light absorption and coherent thermal emission in the MIR range. 48 Hexagonal boron nitride is a natural hyperbolic material, for which the dielectric constants are the same in the basal plane (ε t ≡ ε x = ε y ) but have opposite signs (ε t ε z < 0) in the normal one (ε z ) in 6.2−7.3 μm and 12− 12.82 μm wavelengths in the mid-IR region, respectively, named as RS-II and RS-I regions. RS-I and RS-II bands represent the wavelength regions at which hyperbolic phonon polaritons (HPPs) supported by hBN show type I and type II hyperbolicities, respectively. Owing to this property, finitethickness slabs of hBN are capable of supporting subdiffractional volume-confined polaritons and can act as multimode waveguides for the propagation of HPP collective modes for TM polarization that originate from the coupling between photons and electric dipoles in phonons. 193−203 It has been recently reported that, due to the support of HPPs, 1D grating of hBN is capable of supporting highly concentrated resonant absorptions. 198 In addition, because of the coupling of magnetic polaritons in metal gratings with HPPs of hBN in TM polarization, MIR perfect or nearly perfect absorption can be observed by an unpatterned film of hBN on top of a metallic grating. 199 Moreover, patterned metamaterials that are composed of graphene-hBN heterostructures are also another promising candidate for the support of tunable nearly perfect resonant absorptions. 195 However, as illustrated in Figure 5h , the structure under our consideration in the hBN-based 1D PC is composed of unpatterned film of hBN with thickness t and ε hBN . The 1D PC is composed of alternating layers of KBr (ε 1 = 2.25, d 1 = 923 nm) and Ge (ε 2 = 16, d 2 = 576 nm) with a spacer layer of Ge of thickness d s . Due to hybridization of surface waves of the 1D PC and HPPs of hBN, Tamm phonons can be supported by the system for both polarizations. As discussed in, 48 both spectral and directional characteristics of the nearly perfect resonant absorptions of the hBN-based 1D PC can be exactly predicted by dispersion of Tamm modes supported by the structure. Consequently, evaluating Tamm modes by eqs 4 and 7 is a true approach for a reliable estimation of the resonant absorption supported by unpatterned, lossy-based 1D PC. Moreover, mode profiles of the Tamm phonons highlights this point that, in contrast to Tamm plasmons, magnetic field is localized under the polar film for these modes. 48 As we mentioned earlier, several types of polar materials have been realized to operate in the MIR and FIR ranges. Notice that by using a similar approach, that is, by appropriately designing unpatterned polar-based 1D PCs, it is possible to achieve nearly perfect resonant absorptions at the corresponding wavelengths. As depicted in Figure 5i , multilayer graphene/hBN metamaterial (hypercrystal) is the last Figure 6 . Graph summarizing the proper choice of materials to realize light perfect absorption in a subwavelength, lithography-free, planar, multilayer design. structure that we would like to investigate as a tunable device appropriate for coherent light absorption and thermal emission in the MIR range. 192 Through the investigation of the band structure of the metamaterial we found that, due to the coupling between the hybrid plasmon−phonon polaritons supported by each unit cell, the graphene−hBN metamaterial can support hybrid plasmon−phonon polaritons bands. 217 Moreover, the analysis of light transmission through the metamaterial revealed that this system is capable of supporting high-k propagating hybrid plasmon−phonon polaritons. 217 Owing to these optical properties, it has been recently reported that this multilayer structure can exceed blackbody thermal radiation in near-field 192 and also is capable of light absorption in the MIR region. 218 
■ PERSPECTIVE AND OUTLOOK
Based on this Perspective, light perfect absorption in the whole EM spectrum (from UV to FIR) can be realized using large scale compatible, planar, lithography-free multilayer designs. For this purpose, it is necessary to find the proper material and design architecture to obtain strong light-matter interaction. Figure 6 outlines the proper materials for different parts of the EM spectrum. In the UV and Vis frequency ranges, this absorption can be obtained by semiconductors and noble metals. Moreover, it was recently proven 189 that graphene can be also a UV responsive material in a proper planar design. To extend the absorption upper edge toward longer wavelengths such as NIR range, lossy metals such as Cr, Ti, and Bi can be a good choice. In the short wavelength NIR regime, alternative plasmonic materials that show epsilon-near-zero (ENZ) characteristic (such as AZO, GZO, and ITO) can be effectively utilized for light near unity absorption. 219 In these materials, tuning the plasma frequency can provide us the opportunity to control the spectral position of the strong light−matter interaction. Perfect light absorption in longer wavelengths, that is, MIR, FIR, and THz, which are inaccessible with unpatterned metal-based multilayer designs, can be acquired using graphene, black phosphorus, and suitable polar materials, as shown in the figure. Therefore, it can be envisioned that planar light perfect absorbers that do not require sophisticated lithography fabrication techniques, can be an excellent option for future large scale optoelectronic application. For this aim, according to the operation wavelength and the application, the proper design architecture and material should be used.
Metal-based planar metamaterial absorbers can be listed in two main categories; narrowband and broadband perfect absorbers. As illustrated earlier, narrowband perfect light absorbers can be acquired using noble low loss metals such as Au and Ag. These structures can be of particular interest in color filtering, imaging, and display applications. The planar and large scale compatible nature of these multilayer designs facilitates their integration into commercialized color-CCD/ cameras. 87 Different from nanostructured plasmonic designs, these Febry-Perot based resonators can operate in a wide incident light polarizations and angles that makes them suitable for practical applications. Moreover, the light absorption can be also obtained in broad/ultrabroad wavelengths. An ideal blackbody absorber that suppresses incident light reflection and transmission in a broad spectral range can ensure efficient use of the solar power. One of the most studied areas of interest for these ultrabroadband perfect absorbers is thermophotovoltaics (TPV). This system harvests the incident photons in a broad spectral range and transduces them into thermal energy and then a frequency-selective emitter, which is matched into the band gap of the PV cell, radiates a narrowband thermal emission. Based on previous works, this system can ideally overcome the fundamental limits of conventional PV cells. 220 In a PV cell, the absorption is restricted into the photons with energies above the optical band gap of the active layer. Therefore, only a specific portion of the solar spectrum will be efficiently harvested. However, metals can retain their perfect absorption property over the entire Vis and NIR regimes. Covering the most parts of solar irradiation power can guarantee the efficient harvesting of the incident light. Therefore, the use of lossy metals in metal− insulator pair based configuration can provide near unity absorption of the light and this intense absorbed power can be directed into a PV cell using a narrowband emitter to substantiate the PV cell efficiency. The narrowband emitter can be also realized using dielectric based PC structure which makes the whole TPV system lithography-free. 104 Thus, the integration of a PC narrowband emitter with a refractory lossy metal based ultrabroadband perfect absorber can be considered as a winning strategy for the design of future highly efficient TPV systems. Another area of usage of these ultrabroadband absorbers is solar driven steam generation. Advancements in this area have proved efficiencies as high as 90% at only 4-sun intensity (4 kW m −2 ). 33 Therefore, same as TPV, the realization of ultrabroadband light perfect absorbers can be of great interest in the steam generation.
Strong light absorption in ultrathin semiconductor based perfect absorbers can also have high potentials in PV, photodetectors and photoelectrochemical applications. Our theoretical findings revealed that spectrally broad strong light− matter interaction can be acquired in MIS cavity based designs. Therefore, the incident light is efficiently harvested in subwavelength geometries and the ultrathin thickness of the semiconductor would minimize the transport length of photogenerated carriers that in turn maximizes their collection efficiency. However, the main challenge in these semiconductor-based metamaterials is the crystalline quality of the photoactive layer. Utilizing common deposition and growth techniques for ultrathin films, it is difficult to fabricate single crystalline semiconductor in such thicknesses. In most of these designs, the active layer is made of amorphous semiconductor, and therefore, their optoelectronic performance is far inferior to those of bulk crystalline counterparts. Therefore, the main challenge that limits the replacement of conventional bulk semiconductor-based optoelectronic system with these ultrathin metamaterials is their poor electrical properties of the photoactive layer. A recent study demonstrated a high performance MIS configuration-based photodetector where the single-crystalline Ge membrane undergoes a strong light−matter interaction on a functionalized nanocavity design. 157 The use of chemical synthesis methods can be also an alternative to realize single crystalline semiconductors in such nanometer scale thicknesses. Two-dimensional (2D) TMDs are another category of semiconductors that can be employed in ultrathin optoelectronics. Transition from bulk to monolayer makes these semiconductors a direct band gap material and consequently a better absorption dynamics are emerged. However, the atomic thickness of the layer can absorb only a small portion of the light and thus, a trapping mechanism is required to provide strong light-matter interaction. As shown in the above sections, the use of MS or MIS cavity architectures could not be a good solution for light perfect absorption for 2D TMDs. These cavity designs can efficiently harvest the light in multiple layer thicknesses. To realize perfect light absorption in the unpatterned monolayer of TMDs, PC configuration is the right strategy to confine the entire power in the position of the monolayer where this confined energy is harvested efficiently. A recent Perspective in the application of these van der Waals materials in PV technology predicted that it is possible, in principle, to achieve power conversion efficiencies as high as 25%. 221 Introducing a tandem scheme where these 2D materials are brought to a junction with another bulk semiconductor (such as Si) could further substantiate the cell efficiency. This bulk semiconductor can be replaced with a MIS nanocavity design to localize the absorbed power in ultrathin dimensions. Then, a PC-capped 2D TMD can be grown on top of this design to make an ultrathin efficient tandem solar cell. Therefore, the findings of this study can serve as a beacon for future performance enhanced semiconductor optoelectronic devices.
As mentioned herein above, graphene, black phosphorus, and polar materials are appropriate candidates for achieving light absorption in the MIR, FIR, and THz ranges. MIR/FIR directional light emitters are a distinguished category of light absorbers that have attracted intense interests during the previous years due to their potential application in radiative heat transfer and energy conversion systems. 192, 205, 207 A thermal light-emitting source, such as a blackbody or the incandescent filament of a light bulb, is often presented as a typical example of an incoherent source and is in marked contrast to a laser. Whereas a laser is highly monochromatic and very directional, a thermal source has a broad spectrum and is usually quasi-isotropic. It has been shown recently that the light absorption by polar-based 1D PCs is considerably enhanced in a directional manner compared to a bare polar film. This system, therefore, is capable of emitting radiation efficiently in well-defined directions and can act as a coherent thermal source at a fair distance. For these structures, narrow angular emission lobes similar to antenna lobes are observed and the emission spectra of the source depend on the observation angle. As mentioned earlier, the origin of the coherent emission is in the support of Tamm phonon polaritons by the above-mentioned polar-based 1D PC. The unpatterned lossy-based narrowband absorbers may also be employed as radiative coolers that are reflective in the solar spectrum and emissive in the transparency window of the atmosphere (8−13 μm). These absorbers, therefore, can be regarded as a critical component in the MIR photodetectors and imaging systems that are important in applications such as night vision and astronomy research. 206, 222, 223 MIR/FIR filtering and sensing for detecting gases as well as biological and chemical agents can be mentioned as another potential application of the narrow band light absorbers discussed in this Perspective. 224 
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